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(54) Method of nnanufacturing gradient coll, gradient coal and magnetic resonance Imaging 
system 



(57) The present invention alms to implement a pair 
of gradient coils (204,206.208) low in magnetizing force 
with respect to pole pieces. Upon man ufactu ring a pair 

of gradient coils each of which produces gradient mag- 
netic fields by currents that flow through a plurality of 



concentric passes, the maximum radms (v^j2 ^m) 

one of current passes for the gradient coll is set as the 
minimum value at which a gradient magnetic field hav- 
ing a magnetk; field error within a predetermined allow- 
able range can foe produced. 
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Description 

[00011 The present invention relates to a gradient coH 
manufacturing method, a gradient coil and a magnetic 
resonance imaging system, and particularly to a gradi- 5 
ent coii provided on a polar surface of a static magnetic 
field magnet, a method of manufacturing the same, and 
a magnetic resonance imaging system having such a 
gradient col!. 

[0002] In a magnetic resonance imaging {MRh Mag- 
neXic Resonance Imaging) system, a target to be shot 
or imaged is carried in an internal bore of a magnet sys* 
tem, i,e., a bore or space in which a static magnetic field 
is fomied. A gradient magnetic field and a high-frequen- 
cy magnetic field are applied to produce a magnetic res- 
onance signal within the target. A tomogram Is produced 
(reconstructed) based on its received signal. 
[0003] in a magnet system using permanent magnets 
for generating static magnetic fieids^ pole pieces for uni- 
formizing a magnetic flux distribution in a static magnetic 
field space are respectively provided at leading ends of 
a pair of the permanent magnets opposite to each other. 
Further, gradient coils for generating gradient magnetic 
fields are provided on their corresponding polar surfac- 
es of the pole pieces. 

[0004] In the above-described magnet system, the 
pole pieces are magnetized by the gradient magnetic 
fields since the gradient coils are respectively close to 
the pole pieces. Due to the residual gradient magnetic 
fields formed by their remanent magnetization, the 30 
phase of a spin is subjected to such an Influence as 
though eddy currents extremely long in time constant 
had existed. Therefore, it would interfere with imaging 
made by, for example, a fast spin echo (FSE) method 
or the like which needs accurate phase controL 35 
[0005] Therefore, an object of the present invention is 
to implement a gradient coil low m magnetizing force 
with respect to each pole piece, a method of manufac- 
turing the same, and a magnetic resonance imaging 
system having such a gradient coil. 



gradient magnetic field having a magnetic field error 
lying within a predetermined allowabie range. 

In the invention according to this aspect, the 
maximum radius of one pass for each gradient coil 
is set to the minimum value at which a gradient mag* 
netic field having a magnetic field error lying within 
a predetermined allowable range can be produced. 
Thus, the distance between the outermost pass and 
a protruded peripheral edge poriion of each pole 
piece increases. Therefore, the magnetizing force 
With respect to the protruded peripheral edge por- 
tion is low and the residual magnetization ts low. 

(2) The invention according to another aspect for 
solving the above problems is the gradient coil man- 
ufacturing method described in (1), wherein the ra- 
dii of the pJurallty of passes are determined accord- 
ing to the following procedures. Note 

(a) setting measurement points Pi (where 
i=1'N) onto the maximum spherical surface 
supposed in an imaging area 

(b) calculating magnetic fields Bit (where i=1 ~N) 
at the measurement points, to be produced by 
the gradient colls. 

(c) setting a tolerance oct for an error with re- 
spect to each magnetic field. 

(d) setting an allowable value rO of the maxi- 
mum radius of the pass for each gradient coil 
within a range not exceeding a limit value rOD. 

(e) defining the radii of the plurality of passes 
as r1, r2, rM. 

max (r1 , r2, rIVI) < rO, 
under the above restricted condition, and 



(1) The invention according to one aspect for solv- 
ing the above problenns is a gradient coil manufac- 
turing method comprising the step of, upon manu- 
facturing a pair of gradient coils which Is respective- 
ly provided along the surfaces of bottom plate por- 
tions lying inside peripheral edge portions of a pair 
of pole pieces having the bottom plate portions and 
the periphera! edge portions protruding in the direc- 
tion orthogonal to the surfaces of the bottom plate 
portions, the pole pieces being opposed to each 
other with the protruded peripheral edge portions 
formed with a space defined therebetween, and 
which produces gradient magnetic fields in the 
space by currents that flow through a plurality of 
concentric passes, setting the maximum radius of 
one of the passes for each of the gradient coils to 
the minimum value within a range for producing a 



with the above as a parameter, 
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determining the optimum values of rj (w^iere 

j=1-M) using quadratic programming so that the 
above equation 18 js established. Incidentally, 
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the above is calculated using the Biot-Savart's 
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law. 

(f) calculating an error in magnetic field at each 
measurement point Pi according to the follow- 
ing equation. 



a; 



xlOO 



(g) determining rj when ai<at is satisfied. 

(h) when ai<at is not satisfied, increasing the 
allowable value rO withjn a range not exceeding 
the limit value rOO, and (i) repeating the proce- 
dures subsequent to (a) . 

In the invention according to this aspect, the 
maximum radius of one pass for each gradient coil 
is set to the minimum value at which a gradient mag- 
nel*c Held having a magnetic field error lying within 
a predetermined allowable range can be produced. 
Thus, the distance between the outermost pass and 
a protruded peripheral edge portion of each pole 
piece increases. Therefore, the magnetizing force 
with respect to the protruded peripheral edge por- 
tion is low and the residual magnetization is low, 

(3) The invention according to a further aspect for 
solvmg ihe above problems is a pair of gradient coils 
which is respectively provided along the surfaces of 
bottom plate portions lying inside peripheral edge 
portions of a pair of pole pieces having the bottom 
plate portions and the peripheral edge portions pro- 
truding m the direction orthogonal to the surfaces of 
the bouom plate portions, the pole pieces being op- 
posed to each other with the protruded peripheral 
edge portions formed with a space defined there- 
between, and which produces gradient magnetic 
fields in the space by currents that flow through a 
pluraiiiy of concentric passes, wherein the maxi- 
mum radius of one of the passes for each of the 
gradient coits is set to the minimum value within a 
range for producing a gradient magnetic field hav- 
ing a magnetic field error lying within a predeter- 
mined allowable range. 

In the invention according to this aspect, the 
maximum radius of one pass for each gradient coil 
is sel to the minimum value at whicii a gradient mag- 
netic field having a magnetic field error lying within 
a predetermined allowable range can be produced. 
Thus, the distance between the outermost pass and 
a protruded peripheral edge portion of each poie 
piece mcreases. Therefore, the magnetizing force 
with respect to the protruded peripheral edge por- 
tion is low and the residual magnetization \s low. 

(4) The invention according to a stiJI further aspect 
for solving the above problems is the pair of gradient 
coils described in (3), wherein the piuralfty of pass- 
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es respectively have radii detemnined according to 
the following procedures. Note 

(a) setting measurement points Pi (where 
1=1 -N) onto the maximum spherical surface 
supposed in an imaging area. 

(b) calculating magnetic fields Bit (where i=1 -N) 
at the measurement points, to be produced by 
the gradient coils. 

(c) setting a tolerance at for an error with re- 
spect to each magnetic field. 

{d) setting an allowable value rO of the maxi- 
mum radius of the pass for each gradient coll 
wlthm a range not exceeding a limit value rOO. 
(e) defining the radii of the plurality of passes 
as rl, r2, rM. 

max (r1 , r2, rM) < rO, 
under the above restricted condition, and 

with the above as a parameter 



mm 



determining the optimum values of rj (where 
j=:1 ~M) using quadratic programming so that the 
above equation 23 is established. Incidentally, 

A ^ 

the above is calculated using the Biot-Savarfs 
law. 

(f) calculating an error in magnetic field at each 
measurement point Pi according to the follow- 
ing equation. 



X100 



(g) determining rj when ai^oct is satisfied. 

(h) when a\<oX is not satisfied, increasing the 
aiiowable value rO within a range not exceeding 
the limit value rOO, and <i) repeating the proce- 
dures subsequent to (g) . 

In the Invention according to this aspect, the 
maximum radius of one pass for each gradient coil 
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is set to the minimym vaiue at which a gradient mag- 
netic field having a magnetic field error lying withm 
a predelemnmed allowable range can be produced. 
Thus, the distance between the outermost pass and 
a protruded peripheral edge portion of each pole 
piece increases. Therefore, the magnetizing force 
with respect to the protruded peripheral edge por- 
tion is low and the residual magnetization is low. 

(5) The invention according to a still further aspect 
for solving the above problems is a magnetic reso- 
nance imaging system for forming an Image, based 
on magnetic resonance signals acquired using a 
static magnetic filed, a gradient magnetic field and 
a high-frequency magnetic field, comprising, a pair 
of gradient coils configured as gradient coils each 
of which generates the high-frequency magnetic 
field, the pair of gradient coite being respectively 
provided along the surfaces of bottom plate portions 
lying inside peripheral edge portions of a pair of pole 
pieces having the bottom plate portions and the pe- 
ripheral edge portions protruding in the direction or- 
thogonal to the surfaces of the bottom plate por- 
tions, the poie pieces being opposed to each other 
with the protruded peripheral edge portions formed 
with a space defined therebetween, and which pro- 
duces gradient magnetic fields in the space by cur- 
rents that flow through a plurality of concentric pass- 
es, and wherein the maximum radius of the pass is 
set to tfie minimum value within a range for produc- 
ing a gradient magnetic field having a magnetic field 
error lying within a predetermined allowable range. 

In the invention according to this aspect, the 
maximum radius of one pass tor each gradient coH 
is set to the minimum value at which a gradient mag- 
netic field having a magnetic f^eld error lying within 
a predetermined allowabie range can be produced. 
Thus, the distance between the outermost pass and 
a protruded peripheral edge portion of each pole 
piece increases. Therefore, the magnetizing force 
with respect to the protruded peripheral edge por- 
tion is low and the residua! magnetization Is low. 
Thus, imaging on which the residual magnetization 
has a little effect, can be carried out. 

(6) The invention according to a still further aspect 
for solving the above probiems is the magnetic res- 
onance imaging system described in (5), wherein 
the plurality of passes respectively have radii deter- 
mined according to the following procedures. Note 

(a) setting measurement points Pi (where 
i=1-N) onto the maximum spherical surface 
supposed in an Imaging area, 

(b) calculating magnetic fields Bft (where 1=^1 -N) 
at the measurement points, to be produced by 
the gradient coils. 

(c) setting a tolerance at for an error with re- 
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spect to each magnetic field, 
(d) setting an allowable value K) of the maxi- 
mum radius of the pass for each gradient coW 
within a range not exceeding a limit value rOO. 
{e) defining the radii of the plurality of passes 
as r1, r2, rM. 

max (r1, r2, rM) < K), 

under the above restricted condition, and 

With the above as a parameter, 



min 



. *=1 



determining the optimum values of rj (where 

j=1-M) using quadratic programming sothatthe 
above equation 28 is established. Incidentally, 

the above is calculated using the Biot-Savart*s 
law. 

(f) calculating an error in magnetic field at each 
measurement point Pi according to the follow* 
Ing equation. 
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(g) determining rj when ai<at is satisfied. 

(h) when oci<al is not satisfied, Increasing the 
allowable value rO within a range not exceeding 
the limit value rOO, and (i) repeating the proce- 
dures subsequent to (e) . 

[0006] In the invention according to this aspect, the 
maximum radius of one pass for each gradient coil is 
set to the minimum value at which a gradient magnetic 
field having a magnetic field error lying within a prede- 
termined allowable range can be produced. Thus, the 
distance between the outermost pass and a protriided 
peripheral edge portion of each pole piece increases. 
Therefore, the magnetizing force with respect to the pro- 
truded peripheral edge portion Is low and the residua! 
magnetization is low. Thus, Imaging on which the resid- 
ual magnetization has a little effect, can be carried out. 
[0007] According to the present invention, a gradient 
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coH reduced in magnetizing force with respect to a pole 
piece, a manufacturing metliod therefor, and a magnetic 
resonance imaging system having such a gradient coil 
can be implemented. 

[OOOS] Further objects and advantages of tt>e present 5 
invention will be apparent from the following description 
of the preferred embodiments of the invention as illus- 
trated in the accompanying drawings, in which: 

Fig. 1 is a block diagram of a system showing one 
example of an embodiment according to the present 
invention. 

Fig. 2 is a diagram showing one example of a pulse 
sequence executed by the system shown in Fig. 1 . 

Fig. 3 is a diagram iilustratmg one example of a 
pulse sequence executed by the system shown in 
Fig. 1 . 

20 

Fig. 4 is a typical dtagram showing a configuration 
of the neighborhood of a gradient coil of a magnet 
system employed in the system shown in Fig. 1 . 

Fjg. 5 is a schematic ii lustration showing patterns 
for current passes of a gradient coil. 

Fig. 6 is a flowchart for describing the procedure of 
detemnining radii of currer^t passes. 

30 

|;0009] Preferred embodiments of the present inven- 
tion will hereinafter be described in detail with reference 
to the accompanying drawings. A block diagram of a 
magnetic resonance imaging system Is shown in Fig. 1 . 

The present system is one example of an embodiment 35 
of the present invention. One example of an embodi- 
ment related to a system of the present invention is 
shown according to the configuration of the present sys- 
tem. 

{0010] As shown in Fig. 1 , the present system has a ^^o 
magnetic system 100. The magnetic system 100 has 
main magnetic field magnet units 102, gradient coil units 
106 and RF (radio frequency) coil units 108. Any of 
these main magnetic field magnet units 1 02 and respec- 
tive coil units comprises paired ones opposed to one an- 
other with a space interposed therebetween. Further, 
any of them has a substantially disc shape and is placed 
with its central axis held In common. A target 300 is 
placed on a cradle 500 in an internal bore of the mag- 
netic system 1 00 and earned in and out by unillustrated 50 
conveying means. 

£0011] Each of the main magnetic field magnet units 
1 02 forms a static magnetic field in the internal bore of 
the magnetic system 100. The direction of the static 
magnetic field is approximately orthogonal to the direc- 55 
tion of the body axis of the target 300^ Namely, each of 
the main magnetic f^eld magnet units 102 forms a so- 
called vertical magnetic field. Each of the main magnetic 



8 

field magnet units 1 02 is configured usmg a permanent 
magnet or the like, for example. Incidentally, the main 
magnetic field magnet unit 1 02 is not limited to the per- 
manent magnet and may of course be configured using 
a superconductrve electromagnet or a normal conduc- 
tive electromagnet or the Hke. 

[0012] The gradient coil units 106 produce gradient 
magnetic fields used for causing the intensity of the stat- 
ic magnetic field to have a gradient or slope. The pro- 
duced gradient magnetic fields include three types of 
gradient magnetic fields of a slice gradient magnetic 
field, a read out gradient magnetic field and a phase en- 
code gradient magnetic field. The gradient coil unit 106 
has unillustrated 3-systematic gradler^t colls in associa- 
tion with these three types of gradient magnetic fields, 
[0013] The three -systematic gradient coils respec- 
tively produce three gradient magnetic fields for apply- 
ing gradients to static magnetic fields respectively as 
vrewed in three directions orthogonal to one another. 
One of the three directions corresponds to the direction 
(vertical direction) of the static magnetic field and is nor- 
mally defined as a z direction. Another one thereof cor- 
responds to a horizontal direction and is normally de- 
fined as a y direction. The remaining one corresponds 
to the direction orthogonal to the z and y directions and 
is normally defined as an x direction. The x direction is 
orthogona! to the z direction within the vertical plane and 
perpendicular to the y direction within the horizontal 
plane, x, y and z are also called gradient axes beiow. 
[0014] Any of x, y and z can be set as an axis for a 
slice gradient. When any of them is set as the slice gra- 
dient axis, one of the remain! ng two is set as an axis for 
a phase encode gradient and the other thereof is set as 
an axis for a read out gradient. The 3 -systematic gradi- 
ent coils will be explained again later 
[0015] Each of the RF coil units 108 transmits an RF 
excitation signal for exciting a spin in a body of the target 
300 to a static magnetic field space. Further, the RF coil 
unit 108 receives therein a magnetic resonance signal 
which produces the excited spin. The RF coil unit 108 
has unillustrated transmitting and receiving coils. The 
transmitting coil and the receiving coil share the use of 
the same coil or make use of dedicated coils respective* 

[0016] A gradient driver 1 30 is connected to the gra- 
dient coil units 106. The gradient driver 130 supplies a 
drive signal to each of the gradient coil units 1 06 to gen- 
erate a gradient magnetic field. The gradient driver 130 
has uniNustrated 3-systematic drive circufts in associa- 
tion with the 3-systematic gradient coils in the gradient 
coil unit 106. 

[0017] A RF driver 140 is connected to the RF coll 
units 108. The RF driver 140 supplies a drive signal to 
each of the RF coil units 108 to transmit an RF excitation 
signal, thereby exciting the spin in the body of the target 

300, 

[0018] A data collector 150 is connected io each of 
the RF coil units 1 08. The data collector 150 takes in or 
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captures signals received by the RF coH units 1D8 and 
collects the same as view data (view data). 
[001 3] A controller 160 is connected to the gradient 
driver 1 30, the RF driver 1 40 and the data coHector 1 50. 
The controller 1 60 controls the gradient driver 1 30 to da- 
ta coHector 150 respectively to execute shooting or im- 
aging. 

[0020] The output side of the data collector 150 is con- 
nected to a data processor 1 70. The data processor 1 70 
is configured using a connputer (computer) or the like, 
for example. The data processor 1 70 has an un illustrat- 
ed memory. The memory stores a progrann and various 
data for the data processor 1 70 therein. The function of 
the present system is implemented by allowing the data 
processor 1 70 to execute the program stored in the 
memory. 

[0021 ] The data processor 1 70 causes the memory to 
store the data captured from the data collector 150. A 
data space is defined In the memory. The data space 
forms a two-dimensional Fourier space. The data proc- 
essor 1 70 transforms these data in the two-dimensional 
Fourier space into two-dimensional inverse Fourier form 
to thereby produce (reconstruct) an image for the target 
300. The two-dimensional Fourier space ?s also called 
a "k- space". 

[0022] The data processor 170 is connected to the 
controltGr 160. The data processor 170 ranks ahead of 
the controller 160 and generally controls it. Further, a 
display unit 1 80 and an operation or control unit 1 90 are 
connected to the data processor 170. The display unit 
180 comprises a graphic display or the like. The opera- 
tion unit 1 90 comprises a keyboard or the like provided 
with a pointing device. 

[Ch:>23} The display unit 180 displays a reconstructed 
image and various information outputted from the data 
processor 170. The operation unit 190 is operated by 

an operator and inputs various commands and informa- 
tion or the like to the data processor 170. The operator 
controls the present system on an interactive basis 
through the display unit 180 and tlie operation unit 190. 
|0024| Fig. 2 shows one example of a pulse sequence 
used when imaging or shooting is done by the present 
system. The present pulse sequence corresponds to a 
pulse sequence of a gradient echo (GRE) method. 
[0025] Namely, (1) shows. a sequence of a a* pulse 
for RF excitation employed in the GRE method. (2), (3), 
(4) and (6) similarly respectively show sequences of a 
stbe gradient Gs, a read out gradient Gr, a phase en- 
code gradient Gp and a gradient echo MR, Incidentally, 
the a° pulse Is typified by a center signal. The pulse se- 
quence proceeds from left to right aiong a time axis t. 
[0026] As shown in the same drawing, excitation 
for the spin is carried out based on the puJss. A flip 
angle a" is less than or equal to 90**. At this time, the 
slice gradient Gs is applied to effect selective excitation 
on a predetermined slice. 

[0027] After the oc** excitation, the spin is phase-en- 
coded based on the phase encode gradient Gp, Next, 



the spm Is first dephased based on the read out gradient 
Gr. Next, the spin Is rephased to generate each gradient 
echo MR. The signal strength of the gradient echo MR 
reaches a maximum after an echo time TE has elapsed 

5 since the excitation. The gradient echo MR is collected 
as view data by the data collector 150. 
[0028] Such a pulse sequence is repeated 64 to 512 
times in a cycle TR (repetition time). Each time It is re- 
peated, the phase encode gradient Gp ^s changed and 

10 different phase encodes are earned out every time. 
Thus, view data for 64 to 51 2 views for filing In a k space 
can be obtained. 

[0029] Another example of a pulse sequence for mag- 
netic resonance imaging is shown in Fig. 3. The pulse 
IS sequence corresponds to a putee sequence of a spin 
echo (SE) method. 

[0030] Namely, (1) shows a sequence of a 90* pulse 
and a 180' pu^se for RF excitation employed In the SE 
method. (2), (3), (4) and (5) similarly respectively show 
sequences of a slice gradient Gs, a read out gradient 
Gr, a phase encode gradient Gp and a spm echo MR, 
incidentally, the 90*^ pulse and 180* pulse are respec- 
tively typified by center signals, The pulse sequence 
proceeds from left to right along a time axis t. 

25 [0031 J As shown in the same drawing, 90*" excitation 
for the spin Is carried out based on the 90* pulse. At this 
time, the sJice gradient Gs is applied to effect selective 
excitation on a predetermined slice. After a predeter- 
mined time has elapsed since the 90* excFtation, 180"* 

30 excitation based on the 180* pulse, i.e., spin inversion 
is earned out. Even at this time, the slice gradient Gs is 
applied to effect selective inversion on the same slice. 
[0032] The read out gradient Gr and the phase en- 
code gradient Gp are applied during a period between 

35 the 90* excitation and the spin reversal. The spin is 
dephased based on the read out gradient Gr. Further, 
the spin is phase-encoded based on the phase encode 
gradient Gp. 

[0033] After the spin reversal, the spin is rephased 
40 based on the read out gradient Gr to produce each spin 
echo MR. The signaf strength of the spin echo MB 

reaches a maximum after TE has eiapsed smcetbe 90*" 
excitation. The spin echo MR is collected as view data 
by the data collector 150. Such a puise sequence is re- 
peated 64 to 512 times in a cycle TR. Each time It is 
repeated, the phase encode gradient Gp is changed and 
different phase encodes are carried out every time. 
Thus, view data for 64 to 512 views for filling in a k space 
can be obtained. 

50 [0034] Incidentally, the pulse sequence used for im- 
aging is not limited to the GRE method or SE method, 
The pu[se sequence may be other suitable techniques 
such as an FSE (Fast Spin Echo) method, a fas! recov- 
ery FSE (Fast Recovery Fast Spin Echo) method, echo 

55 planar imaging (EPI), etc. 

[0035] The data processor 1 70 transforms the view 
data in the k space into two-dimensional inverse Fourier 
form to thereby reconstruct a tomogram for the target 
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300. The reconstructed image is stored tn its corre- 
sponding memory and displayed on the display unit 1 80. 
10036] Fig. 4 typically shows the structure of the mag- 
net system 100 located in the neighborhood of the gra- 
dient coil units 1 06 m the form of a cross-sectional view, 
in the same drawing, O indicates the center of a static 
magnetic field, i.e., a magnet center and x, y and z in- 
dicate the aforementioned three directions respectively. 
[0037] A sphehc volume SV of a radius R with the 
magnet center O as the center is a shooting or imaging 
area. The magnet system 100 fs configured so that the 
static magnetic field and gradient magnetic field respec- 
tively have a predetermined accuracy in the SV. 
[0038] A pair of main magnetic f ie^d magnet units 1 02 
has a pair of pole pieces 202 opposed to each other. 
The pole piece 202 is composed of a magnetic material 
having high permeability, such as a soft iron or the like 
and serves so as to unitormize a magnetic flux distribu- 
tion in a static magnetic field space. 
[0039] The pole pieces 202 are respectively shaped 
substantially in the form of discs but protrude in the di- 
rection (z direction) in v/hich their peripheral edge por- 
tions are orthogonal to their plate surfaces, i.e., in the 
direction in which the pole pieces 202 are opposed to 
each other Thus, the pole pieces 202 have bottom plate 
portions and protruded peripheral edge portfons. The 
protruded peripheral edge portions serve so as to make 
up for reductions in magnetic flux density at the periph- 
eral edges of the pole pieces 202. 
[0040] The gradient coil units 106 are respectively 
provided in their corresponding concave portions of the 
pole pieces 202, which are defined inside the protruded 
peripheral edge portions. Each of the gradient coil units 
1 06 has an X coil 204, a Y coil 206 and a Z208 coil 
[0041] Of these, the Z coil 208 is one example of an 
embodiment of a gradient coil employed in the present 
invention. 

Any of the respective coils is shaped substantiaMy in the 
form of a disc, The respective coils are mounted on a 
polar surface of the pole piece 202 by uniUustrated suit- 
able mounting means so that they are successively lay- 
ered. 

[0042] Patterns for current passes of the X coil 204, 
Y coil 206 and Z208 coll are shown in Fig. 5 by a dia- 
grammatic Illustration. As shown in the s^e drawing, 
the X coll 204 has linear plural main current passes 
(main passes) parallel to a y direction at a portion near 
the center of a circle, These main passes are symmetric 
with respect to a y axis which passes through the center 
of the circle. Return passes for the main passes are 
formed along the circumference of the circie. The radius 
of the outermost return pass, i.e., the outside diameter 
of the X coil 204 is given as rOO. 

[0043] The Y col! 206 has linear plural main passes 

paraHel to an x direction at a portion near the center of 
a circle. These main passes are symmetric with respect 
to an X axis which passes through the center of the cir- 
cle. Return passes forthe main passes are formedalong 



the circumference of the circle. The radium of the out- 
ermost return pass, i.e., the outside diameter of the Y 
coil 206 IS given as rOO. 

[0044] The Z coil 208 has a plurality of current passes 
5 which form concentric circles respectively. These cur- 
rent passes are all main passes. The radii of the respec- 
tive main passes are given as r1 , r2, rM in orderfrom 
inside. rM is defined as the outer diameter of the Z coil 
208. 

10 [0045] Since the Z coil 208 has no return passes, it is 
easy to generate a gradient magnetic field good jn line- 
arity as compared with those having return passes as 
in the case of the X coil 204 and the Y coil 206. 
[0046] Thus, even if the outside diameter rM of the Z 

'5 coil 208 is set smaller than the outside diameters rO of 
the X coll and the Y coil 206, the Z coif 208 can produce 
a gradient magnetic field having linearity equivalent 1o 
that of each of the X coll and the Y coil 206. 
[0047] Since the dis^nce from the outer periphery of 

20 the Z coil 208 to each peripheral protruded portion of the 
pole piece 202 is increased when the outside diameter 
rM of the 2 coil 208 is reduced, the magnetizing force of 
each protruded portion by the Z coil 208 becomes weak 
in proportion to the square of the distance. Accordingly, 

25 the residual magnetization of each pole piece 202 can 
be lowered by reducing the outside diameter rM of the 
Z coN 208. 

[0048] Incidentally, the magnetization of each pro- 
truded portion by the X coil 204 and the Y coil 206 pro- 
30 duces a iitEle influence as compared with that by the Z 
coil becausethe magnetization intensities developed by 
the main passes and return passes act so as to be op- 
posite to one another in polarity. 

[0049] The use of such a magnet system small in re- 
35 sidual magnetization makes it possible to properly per- 
form even shooting or imaging by, for example, the FSE 
method or the like which requires accurate phase con- 
trol on the spin. 

[0050] A method of manufacturing such a Z coil 208 

40 will next be described. The radii r1 , r2 rM of the plu- 

rallty of current passes that constitute the main passes, 
i.e., the concentric circles respectively, are determined 
upon manufacturing the Z coil 208. 
[0051] Fig. 6 shows a flowchart for describing the pro- 
45 cedure of determining the radii of the main passes. As 
shown In the same drawing, In Step 602, N points to be 
measured PI (x1, y1 , z1), P2 {x2, y2, z2), PN (xN, 
yN, zN) are set onto the maximum spherical surface of 
an imaging area, i.e.. the surface of SV shown in Fig. 4. 
^0 [0052J Next, In Step 604, magnetic fie^ds Bit, B2t, 
BNt to be produced by each 2 coil 208 at the measure- 
ment points P1 , P2, PN are calculated. The following 
equation is used to calculate the magnetic fields. 

B,, = g^zfi^^^H) (1) 
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where, 

g: magnetic field gradient 

[0053] Next. In Step 606, an allowable value or toler- 
ance at on an error with respect to each magnetic field 
is set. at is set so as to be equal to a tolerance on an 
error with respect to each of the X coif 204 and the Y 
coil 206. 

[0054] Next, in Step 60S, a tolerance or allowable val- 
ue rO for the outside diameter of the Z coil 208 is set. 
The rO is set within a range not exceeding a {fmit value 
rOO. The limit value rOO con-esponds to each of the out- 
side diameters of the X coil 204 and the Y coil 206. 
[0055] Next, in Step 610, the optimum values of the 
radii r1 . r2, ,,,, rM of the plural main passes for the Z coil 
208 are determined. 
Namely. 

max (r1 , r2 rM) < rO 

[0056] Under the above restricted condition, 

{r1, rZr-.ff^) 
the above is used as a parameter. 



mm 
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The optimum values of rj (where j=1-M) are determined 
using quadratic programming so that the above is es* 
tablished. 



Btir) 



[0057] Incidentally, the above is calculated using the 
Biot-Savart's law. 

[0058] Next, in Step 612. an error in magnetic field at 
a measurement point Pi is calculated according to the 
following equation. 



A ^ 

B,(r) ■ 



: 100 



(2) 



[0059] Next, it is determined in Step 614 whether 
ai^t is satisfied, 

[0060] If the answer Is found to be negative, then the 
allowable value rO is incremented by Ar within the range 
not exceeding the limit value rOO in Step 616, and the 
routine procedure subsequent to Step 610 is repeated. 
[0061] When ai<oct is satisfied, r1» r2, rM are de- 
termined in Step 61 8. The Z coif 208 having the plurality 
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of main passes, which constitute the concentric circles 
having the determined radii, is manufactured. 
[0062 J Since the allowable value of error with respect 
to the magnetic field is set to the same ailowabte value 
as each of the X coil 204 and the Y coil 206, the maxi- 
mum radius rM obtained according to the above proce- 
dyre results in a minimum value at which a magnetic 
field having an accuracy of an allowable range can be 
produced. This vaiueresults In one smailerthan the out- 
side diameter rOO of each of the X coil 204 and the Y 
coil 206. 
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A gradient coil manufacturing method comprising 
the step of, upon manufacturing a parr of gradient 
coils which is respectively provided along the sur- 
faces of bottom plate portions lying inside peripher- 
al edge portions of a pair of pole pieces having the 
bottom plate portions and the peripheral edge por- 
tions protruding In the direction orthogonal to the 
surfaces of the bottom plate portions, said poie 
pieces being opposed to each other with the pro- 
truded peripheral edge portions formed with a 
space defined therebetween, and which produces 
gradient magnetic fields in the space by currents 
that flow through a pluratity of concentric passes, 

setting the maximum radius of one of the 
passes for each of said gradient coils to the mini- 
mum value within a range for producing a gradient 
magnetic field having a magnetic field error lying 
within a predeteimined allowable range. 

The gradient coil manufacturing method according 
to claim 1 , which detennines the radii of the plurality 
of passes according to the following procedures of: 
note 

(a) setting measurement points Pi {where 
i-1-N) onto the maximum spherical surface 
supposed in an imaging area; 

(b) calculating magnetic fields Sit (where 1=1 *N) 
at the measurement points, to be produced by 
said gradient coils; 

(c) setting a tolerance at for an error with re- 
spect to each magnetic field; 

(d) setting an allowable value rO of the maxi- 
mum radius of the pass for said each gradient 
coil within a range not exceeding a limit value 
rOO: 

(e) defining the radii of the plurality of passes 
as r1, r2, rM, and. 



max (r1, r2, rM) < rO, 



under the above restricted condrtion, and 
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with the above as a parameter. 



mm 



determining the optimum values of rj {where 
1=1 -M) using quadratic programming so that the 
above equation 3 is established. Incidentally, 
the foHowing is caiculated using the Biot- 
Savart's law; 

A ♦ 

(f) calculating an error in magnetic field at each 
measurement point Pi accordmg to the foiiow- 
ing equation; 
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15 



20 



i=1-N) onto the maximum spherical surface 
supposed in an imaging area: 

(b) calculating magnetic! ields Bit {where 1=1 -N) 
at the measurement points, to be produced by 
said gradient coils; 

(c) setting a tolerance at tor an error with re> 
spect to each magnetic field; 

(d) setting an allowable value K) of the maxi- 
mum radius of the pass for said each gradient 
coil withm a range not exceeding a limit value 
rOO; 

(e) defming the radii of the plurality of passes 
as r1, r2, rM, and, 

max {r1, r2, rM) < rO, 

under the above restricted condition, and 

with the above as a parameter 



A ^ 



25 



X 100 



(g) determining rj when al<at is satisfied; 

(h) when ai<al is not satisfied, increasing the 
allowable value rD within a range not exceeding 
the limit value rOO; and (i) repeating the proce- 
dures subsequent to (e). 

3. A pair of gradient coils which is respectively provid- 
ed along the surfaces of bottom piate portions lying 
inside peripheral edge portions of a pair of poie 
pieces having the bottom plate portions and the pe- 
ripheral edge portions protruding in the direction or- 
thogonal to the surfaces of the bottom plate por- 
tions, said pole pieces being opposed to each other 
with the protruded peripheral edge portions formed 
with a space defined therebetween, and which pro- 
duces gradient magnetic fields in the space by cur- 
rents that flow through a plurality of concentric pass- 
es. 

wherein the maximum radius of one of the 
passes for each of said gradient colls is set to the 
minimum value within a range for producing a gra- 
dient magnetic field having a magnetic field error 
lying within a predetermined allowable range. 

4. The pair of coils according to claim 3, wherein said 
plurality of passes respectively have radii deter- 
mined according to the following procedyres of: 55 
note 

(a) setting measurement points Pi (where 
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determining the optimum values of r] (where 
j=1-M) using quadratic programming sothatthe 
above equation 8 is established. Incidentaiiy, 
the following is calculated using the Btot- 
Savart's law; 



A * 



(f) calcuiating an error in magnetic field at each 
measurement point Pi according to the follow- 
ing equation; 



X100 



(g) determining rj when ai<at is satisfied; 

(h) when ai<at is not satisfied, increasing the 
allowable value rO within a range not exceeding 
the limit value rOO; and (i) repeating the proce- 
dures subsequent to {e) . 

A magnetic resonance imaging system for forming 
an image, based on magnetic resonance signals 
acquired using a static magnetic filed, a gradient 
magnetic f ieid and a high-frequency magnetic field, 
comprising: 
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a pair of gradient coils configured as gradient 
coils each of which generates the high-frequency 
magnetic field, said pair of gradient coils being re- 
spectively provided along the surfaces of bottom 
piate portions lying inside peripheral edge portions 
of a pair of pole pieces having the bottom pJate por- 
tions and the peripheral edge portions protruding in 
the direction orthogonal to the surfaces of the bot- 
tom plate portions, said pole pieces being opposed 
to each other with the protruded peripheral edge 
portions formed with a space defined therebe- 
tween, and which produces gradient magnetic 
fields In the space by currents that flow through a 
plurality of concentiic passes, and wherein the max- 
imum radius of said pass is set to the minimum val- 
ue within a range for producing a gradient magnetic 
field having a magnetic field error lying within a pre- 
determined aHowable range. 

6. The magnetic resonance imaging system according 
to claim 5: wherein said plurality of passes respec- 
tively have radii detemnined according to the foUow- 
ing procedures of; 
note 

(a) setting measurement points Pi (where 
i=1-N) onto the maximum spherical surface 
supposed in an imaging area; 

(b) calculating magnetic fieids Bit {where 1=1 -N) 
at the measurement pointS: to be produced by 
said gradient coils: 

(c) setting a tolerance at for an error with re- 
spect to each magnetic field; 

(d) setting an allowable value rO of the maxi- 
mum radius of the pass for said each gradient 
coil wilhin a range not exceeding a limit value 
rOO; 

(e) defining the radii of the plurality of passes 
as r1, r2 rM, and, 

max (r1 , r2, rM) < rO, 
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j=1 -M) using quadratic programming so that the 
above equation 13 is established. Incidentally 
the following is calculated using the Biot- 
Savart's law; 



A ^ 



(f) calculating an error in magnetic f ieid at each 
measurement point Pi according to the foNow- 
ing equation; 



■xlOO 



(g) determining rj when ai<at is satisfied; and 

(h) when ai<at is not satisfied, Increasing the 
allowable value rO wilhin a range not exceeding 
the limit value rOO, and (i) repeating the proce- 
dures subsequent to (e) . 



under the above restricted condftion, and 



45 



With the above as a parameter. 



so 



mm 



55 



determining the optimum values of rj {where 
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(57) The present invention aims to implement a pair 
of gradient coils (204,206.208) low in magnetizing force 
with respect to pole pieces. Upon manufacturing a pair 
of gradient coils each of which produces gradient mag- 
netic fieids by currents that flow through a plurality of 

concentric passes, the maximum radius (r-|,r2 r^^) of 

one of current passes for the gradient coii is set as the 
minimum value at which a gradient magnetic field hav- 
ing a magnetic field error within a predetemnined allow- 
able range can be produced. 
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